The substantial increase of deer populations in Europe and North America in recent decades has led to concerns regarding the long-term sustainability of current management from an ecosystem perspective. Key questions to be answered are how herbivore density relates to available resource levels, e.g. food availability and browsing pressure, and how this relation should be monitored and included in management. In Norway, the harvest of red deer Cervus elaphus has increased from 1,479 to 35,700 during 1960-2008. Current monitoring programmes focus on deer body mass and number of seen deer rather than on the state of the vegetation communities. In our study, we quantify browsing frequency on common shrubs and trees in two municipalities, Gloppen and Flora, in the county of Sogn and Fjordane, Norway, to document current browsing pressure levels and to evaluate the potential of using browsing frequency of indicator species as a tool in the monitoring of red deer populations. We found that several species were heavily browsed (median browsing frequency . 60%). Due to their wide availability, we analysed the spatial patterns of accumulated browsing of the highly selected rowan Sorbus aucuparia compared to the less selected bilberry Vaccinium myrtillus and birch Betula sp. We predicted less spatial variation in browsing frequency of the highly selected rowan. However, we found that the best model predicting browsing on rowan (forest type, habitat productivity, canopy cover, aspect, slope and distance to arable land) based on habitat variables was more complicated than for birch (habitat productivity and altitude) and bilberry (forest type, habitat productivity, altitude and distance from the coast). This suggests large spatial variation in browsing frequency of rowan even though the average browsing frequency of rowan was higher than for bilberry and birch. Browsing frequency for all species was positively correlated with faeces counts, but only bilberry showed additional correlation with red deer (harvest) density at the local management unit scale. Due to its wide distribution and promising link to local red deer density, bilberry stands out as the most promising species to monitor among winter browse species. However, browsing frequency on different species was not always correlated. It remains to be determined to which extent browsing on bilberry can be used as an indicator for the browsing pressure on the whole vegetation community. The documentation of high browsing frequencies clearly suggests that further focus on these issues is warranted.
and grazing on ecosystem function (Coˆte´et al. 2004 , Gordon et al. 2004 , Mysterud 2006 . Management goals have expanded from considering only the hunted ungulates to a broader focus including the entire ecosystem. In most cases, it remains unclear how high the grazing pressure is and what level of grazing pressure the ecosystem can sustain (but see Persson et al. 2005) . A criticism of monitoring practices is that they often are directed and measured without consideration of multiple trophic levels (Mysterud 2006) . Such information is missing since current management, at least in Scandinavia, typically focus on either direct measures of abundance such as 'seen deer' schemes (e.g. Ericsson & Wallin 1999 , Mysterud et al. 2007 ), or measures of individual performance such as body mass (Morellet et al. 2007 ). This tradition derives from the common goal in ungulate management to maintain a stable harvest number and/or fitness or specific traits on a population level (e.g. fecundity, body mass and antler size) rather than focussing on the entire ecosystem.
Though selective harvesting influence the distribution of performance traits (Bischof et al. 2008) , the most important causal factor seems to be population density. In recent years, we have achieved a good understanding of how the sequential effects of increasing densities affect reproduction and survival in large vertebrates (Gaillard et al. 2000 , Eberhardt 2002 ). However, density typically has no clear meaning without considering resource levels (i.e. carrying capacity; Van Horne 1983) , and the effects of depleted food resources on animal performance may be lagged in time (Noy-Meir 1975) . A concern is therefore that resilience of food resources may be slow (Tanentzap et al. 2009 ). Monitoring vegetation rather than animal performance may be important if there is multiple aims in management or if the time lag between heavy browsing and density dependent responses in ungulate condition is long. We therefore need to quantify grazing pressure directly on the plants, and determine how this relates to either abundance or animal performance.
Grazing (or browsing) pressure can be defined in several ways. Often, it is expressed as herbivores' offtake per unit available biomass (e.g. weight or number of shoots) over time and space (Scarnecchia & Kohtmann 1982 , Ho¨rnberg 2001 . A useful field approach is to look at the grazing frequency, i.e. the proportion of individual plants (or shoots) eaten over a given time period (Holechek et al. 1999 , Evju et al. 2006 . Highly selected plants are expected to have a high grazing frequency irrespective of density, whereas intermediate to low quality forage is expected to be rarely grazed at low density but increasingly grazed with increasing population density relative to resource levels (Choquenot 1991) . Intermediate quality forage may therefore prove particularly useful for monitoring (Mysterud 2006) , however, this assumption has rarely been tested in field studies. A study of grazing (or browsing) frequency of plant species with differing quality as forage can be a useful approach for studying the condition of available forage as a whole (Ma˚nsson 2009 ). However, browsing frequency for a given plant species not only relates to herbivore diet preference and population density (Choquenot 1991 , Kausrud et al. 2006 , but also to habitat selection and the composition of the plant community (Palmer et al. 2003) .
In Norway, the harvest of red deer Cervus elaphus has increased from 1,479 in 1960 to 35,700 in 2008 (Statistics Norway 2009 . The harvest in the county of Sogn and Fjordane alone made up 11,280 red deer in 2008. Reported negative density effects include increased age at first reproduction (Langvatn et al. 2004 ) and decreased body weight (Mysterud et al. 2001) . In our study, we quantify the spatial patterns of browsing frequency of winter forage plants (browse species) of red deer in Sogn and Fjordane, Norway, at the end of winter. Our aim was two-fold: 1) to quantify patterns of browsing pressures on several browse species and relate this to earlier knowledge about browsing and long-term sustainability of forage production, and 2) to evaluate whether such surveys could be used in monitoring red deer populations, and subsequently led to a recommendation about which plant species could be targeted as suitable indicator species for overall browsing pressure to be monitored. We predict that spatial variation in local density (or habitat use) causes browsing frequency to differ among plants of low, intermediate and high nutritive value. Specifically, we expect lower spatial variation in browsing frequency in highly selected species compared to less selected species. Therefore, we expect intermediately selected plants to indicate changes in browsing pressure and red deer density better than highly selected forage species. An additional criterion to be useful for monitoring is abundance and a wide distribution range, and preferably clear variation between local management units if they differ in population density.
Additionally, since red deer show an extensive use of agricultural pastures (Godvik et al. 2009 ), we predicted higher browsing frequencies closer to pastures. We also predict browsing levels to vary with habitat type (e.g. forest type, altitude, slope and canopy cover) due to either higher access to other food plants, variation in plant quality, or because cover also plays a role for habitat selection.
Methods

Study area
Our data derive from two municipalities, Gloppen and Flora, in the county of Sogn and Fjordane on the southwestern coast of Norway (Fig. 1) . Flora is a coastal municipality, whereas Gloppen is more of an inland municipality east of Flora. The topography is characterised by steep slopes, divided by narrow valleys and fiords, and it generally gets steeper inland towards the main mountain range. The forest is dominated by either Scots pine Pinus sylvestris, alder Alnus incana or birch, while planted Norway spruce Picea abies dominate locally. Common undergrowth species are juniper Juniperus communis, bilberry Vaccinium myrtillus, heather Calluna vulgaris and grasses and herbs. Agriculture is widespread in the flatter lowlands, and the arable land is mainly cultivated to pastures and meadows for grass production. The mean temperature varies between 1.68C in February and 13.48C in August on the mainland parts of Flora, and from -0.58C in February to 14.28C in July in Gloppen. The mean annual precipitation in Flora varies from 1,985 mm at the Florø station to 3,520 mm at the Grøndalen station, and in Gloppen from 1,260 mm at the Figure 1 . Location of meteorological stations, blocks and transects conducted in the municipalities of Gloppen and Flora in the county of Sogn and Fjordane, Norway. Each transect is marked by a dot, and dots in the same colour refer to a specific block.
Sandane station to 2,760 mm at the Eimhjellen station (see Fig. 1 ). In these areas, there are virtually no moose Alces alces or roe deer Capreolus capreolus, but during summer, some areas are grazed by sheep Ovis aries or cattle Bos taurus.
Sampling design
Our field work was carried out during 10-30 April 2006 in Gloppen and 13 April -3 May 2007 in Flora, in the county of Sogn and Fjordane, Norway. We used a block-wise randomised sampling design with three blocks in each of the two municipalities (see Fig. 1 ). The block was a region within the municipality chosen partly by knowledge of main habitat types important for red deer distribution and partly to form a unit possible to cover within a day of sampling. The transect location was chosen as follows. First, a random block (among the three for a given municipality) was chosen; then a random 1-km 2 square within the block, and finally transects were randomly placed from valley bottoms to higher altitude perpendicular to the steepest elevation. Because of practical reasons (roads are generally situated along fiords or valley bottoms), we drew a random starting point for transects from along the roads. Along transects, plots were randomly distributed every 20-50 m (mean: 35 m) until either 500 m a.s.l., a hill top was reached, or until it was too dangerous to continue due to steep terrain. The length of transects thus differed depending on local topography.
We surveyed a total of 532 plots (all positioned by the aid of GPS) from 83 transects. Every plot was a circle with a radius of 3.99 m (50 m 2 ). The numbers of browsed and unbrowsed shoots were counted within 2 m from ground level. The definition of shoot was somewhat arbitrary, about what a deer could clip in one bite, i.e. very small subdivisions of shoots were not counted. This was done for all specimens inside the plot area for rowan Sorbus aucuparia, pine, juniper, spruce, aspen Populus tremula, sallow Salix caprea and other Salix sp., whereas for the tree species birch, alder, bird cherry Prunus padus, hazel Corylus avellana, oak Quercus robur and holly Ilex aquifolium, only a single tree nearest to the middle of the plot was examined partly due to high abundance locally. Due to occasional very high abundance of dwarf shrubs (bilberry, heather, bog bilberry Vaccinium uliginosum and cowberry Vaccinium vitisidaea) within a plot, measurements were carried out within a 50350 cm frame placed over the closest dwarf shrub to the centre of the plot. In addition to counting browsed and available shoots, the following habitat variables potentially important to red deer were recorded in the field:
Canopy cover (in %) using a spherical densiometer (Lemmon 1956 ); Aspect (four classes: North, East, South and West); Slope (in 8) using a compass with a clinometer; Altitude (in m); Number of red deer pellet groups/plot (from current winter; older pellets were clearly degraded).
We used a GIS-based map provided by the Norwegian Forest and Landscape Institute for habitat variables (e.g. Godvik et al. 2009 ) to assign information on the following habitat variables at every plot:
Forest type (three classes: pine forest, deciduous forest and mixed forest). To be classified as forest, there should be at least six trees above 5 m per 1,000 m 2 . Pine forest has at least 50% of the area covered with pine trees, mixed forest 20-50% coniferous trees, and deciduous forest has , 20% coniferous trees; Habitat productivity (three classes based on soil properties: very high, high and normal to low); Distance to the coast (in m); Distance to arable land (in m).
In Norway, hunting quotas are allocated to local management units ('vald') consisting of smaller or larger congregations of landowners. Administrative borders were provided by the municipality for 23 local management units together with harvest statistics. We used the number of red deer harvested per km 2 of deer habitat in 2006 as an index of local population density (cf. Mysterud et al. 2001 , Mysterud et al. 2007 ). The red deer habitat (termed qualifying area) is defined in management as all forested areas and bogs below the forest line. All sampling plots were located within the area covered by these units.
Statistical analyses
When ranking overall selection, we calculated availability of each plant species as frequency of occurrence (i.e. the number of plots where the species occurred divided by the total number of plots). The further detailed analysis was based on browsed shoots out of total number of shoots in a plot per species. Since we calculated browsing as a frequency, logistic regression seems like the first choice of model type. However, due to the assumed strong dependency between shoots (i.e. if one shoot is eaten, it is more likely that another is also eaten from the same plant), instead, we used linear models with browsing frequency as the response variable. We (arcsin-sqrt) transformed browsing frequency to obtain normality and to obtain residuals with constant variance, which was checked by plotting the residuals. There was no strong correlation between total number of shoots available and browsing frequency (birch: r ¼ -0.087, bilberry: r ¼ 0.075 and rowan: r ¼ 0.153), suggesting that functional responses do not need to be incorporated in the analyses. We weighted each observation (proportion of browsed shoots) with number of shoots available, i.e. so that an estimate of proportion of browsed shoots based on one out of 10 available shoots is given less weight than one based on 100 available shoots.
We first ran a simple model with only species as a factor. Based on this model, we targeted rowan, bilberry and birch as candidates for detailed analyses because: 1) they differ in mean browsing frequency (high for rowan, intermediate for bilberry and birch), and 2) they are abundant and widespread throughout the study area. We analysed browsing frequency for the three focal species with three independent sets of covariates. We tested whether there was spatial variation in browsing frequency related to: 1) Administrative units (municipality, block, local management unit). We treated 'block' as a management unit, though this was only part of our sampling design and designated several local management units. Note that municipality also contains a potential year effect, since sampling was done in separate years in each municipality (see above).
2) Direct measures of red deer habitat use were number of pellet groups or density at the local management unit ('vald') scale. The number of faecal pellet groups within each plot will reflect the amount of time deer spent at the exact location shortly before browsing was estimated. The number of deer shot per local management unit is, on the other hand, a proxy for density on a larger scale during the autumn hunting season (which we assume correlates with winter density). We were particularly interested in the residual effect of density at local management unit scale after accounting for the number of pellets. We ln-transformed number of pellet groups before analysis and added 1 to each value to avoid ln-transforming 0. 3) Biological factors describing habitat (forest type, habitat productivity, canopy cover, aspect, slope, altitude, distance from arable land and distance from the coast). Distances from arable land and from the coast were ln-transformed, and we added 1 to each value to avoid lntransforming 0.
The best model was found through selection based on the AIC criterion (Burnham & Anderson 2002) , and we used manual selection with both backward (starting with full model and removing terms) and forward (adding terms to the null model) approaches to assess the robustness. All statistical analyses were performed using R (R Development Core Team 2008).
Results
Browsing frequency and availability at the plant species level The model with only plant species as the explanatory variable explained 37% of the variation in browsing frequency (Fig. 2) . As expected, the highly palatable aspen, rowan, sallow and other willow Salix sp. were among the most selected species. Common plant species such as bilberry and birch were found to be intermediately selected. Bilberry is by far the most available species and was present in 77.8% of the plots. Rowan availability was 21.4%, while the availability of birch was 40.0%.
Spatial variation and administrative factors
Explanatory variables in the best models differed among the three focal species. For explaining variation in bilberry browsing with the administrative factors, the local-scale management unit ('vald'; AIC¼344.164) performed better than block (AIC¼ 383.720) and the coarse municipality scale (AIC ¼ 386.608). Spatial variation was slightly more coarsescaled for birch (i.e. municipality: AIC ¼ 161.599; block: AIC ¼ 158.460; local management unit: AIC ¼ 163.289) and rowan (i.e. municipality: AIC ¼ 235.976; block: AIC ¼ 212.436; local management unit: AIC¼213.215). For both these species, 'block' was included in the best model, although only marginally better than local management unit for rowan. Best models explained 21.1, 28.8 and 11.1% of the variation in browsing frequency of bilberry, birch and rowan, respectively.
Spatial variation, red deer area use and density
We then related browsing frequency to red deer area use (pellet counts) and population density (harvest numbers). The best model for birch (pellet group: AIC ¼ 209.455; local density: AIC ¼ 211.923; both: AIC ¼ 211.291) and rowan (pellet group: AIC ¼ 232.915; local density: AIC ¼ 233.665; both: AIC ¼ 233.061) included only number of pellet groups. This implies that the browsing pressure was partly explained by the presence of deer on the exact location during the winter of the measurements. The best model for bilberry included both number of pellet groups and local density (pellet group: AIC ¼ 372.890; local density: AIC¼ 380.502; both: AIC¼ 362.136; Table 1 and Fig. 3 ). Best models explained 10.4, 13.6 and 14.3% in bilberry, birch and rowan, respectively.
Spatial variation and habitat variables
The best model including habitat variables explained 22.8% of the variation in browsing frequency of rowan, 13.7% of bilberry and 18.8% of birch. The best model of browsing frequency on rowan was a more complicated model than for bilberry and in particular for birch (Table 2) . Habitat productivity was included in the models of all species. Browsing levels for both bilberry and rowan were lowest in the intermediate productivity class, and equal to or higher at both high and normal/low productivity habitats. Forest type was also included for bilberry and rowan, but the direction of estimates was not consistent among the species. Our hypothesis of higher browsing frequency closer to agricultural pastures was not supported. This parameter was only included in the rowan model, and browsing decreased rather than increased close to pastures. This result was dependent on inclusion of a few strong outliers; there was no marked pattern related to distance from agricultural pastures when excluding these. For birch, a contrasting pattern emerged with only habitat productivity and altitude included (see Table 2 ). Our observations during the field work suggested a marked difference between browsing frequency on ordinary shoots and root shoots (likely of much higher quality), which we were unable to control for in later analysis. For all three species, adding the term from the best model of management unit (to the best model with habitat covariates) resulted in largely improved models (DAIC . 2), suggesting that variation among blocks for rowan and birch and local management units for bilberry was not due to habitat variables alone. The prediction that the high quality forage rowan should show less spatial variation was therefore not supported.
Discussion
Our main aims were to quantify the browsing pressure on common shrubs and trees, identify potential indicator species suitable for monitoring, and evaluate whether such surveys would be useful for the local deer management. Monitoring of forage availability and browsing frequency may be a useful addition to monitoring body mass or population density, since both represent a measure of the resource abundance and the impact from the present deer population. To be useful for monitoring, it is important that plant species are fairly widely available. In particular bilberry, but also rowan and birch filled this criterion in our study areas (see 2). Also, it may be useful to include species of differing quality, or at least to include species of intermediate preference, so that a variable browsing frequency depending on population density relative to resource levels are expected. Highly preferred species are often less abundant (Ma˚nsson et al. 2007b , Ma˚nsson 2009 ), and are not predicted to show large variation in browsing frequency. Browsing frequency of intermediately preferred species is on the other hand expected to vary depending on population density relative to resource levels. Due to its wide distribution, and the relationship between spatial variation in browsing frequency and red deer density, bilberry stands out as the most promising species to monitor. Bilberry is also frequently eaten by other large herbivores such as roe deer and moose (Cederlund et al. 1980) and to some extent by domestic sheep (Kausrud et al. 2006) . It is therefore potentially more widely applicable. However, our study represents a short-term study of spatial variation in browsing frequency. The level of browsing on bilberry is known to depend on snow depth (Mysterud & Østbye 1995 , Ma˚nsson 2009 ). Snow depths were shallow in the coastal study areas that we considered, and might not be equally useful in all areas or during winters with more snow cover.
Monitoring vegetation or animals -a question of time lags and main diet
Monitoring programmes often depend on a small number of indicators and may fail to consider the full complexity of the ecological system (Dale & Beyeler 2001) . However, what will be gained by an addition of monitoring bilberry browsing? The optimal monitoring method depends on estimation accuracy, management objectives and financial constraints , Ro¨nnega˚rd et al. 2008 . The current monitoring programme of cervids in Norway focuses on direct measures of abundance ('seen deer') and on individual performance (body mass and reproduction). The advantage of using the state of the vegetation community, rather than the animal performance in monitoring, is that it does not contain the lags present between the heavy browsing and density-dependent responses on ungulate condition. We may need either browsing surveys as an additional tool, or we need a link between the indices already used in monitoring and the state of the vegetation community. For example in moose management, surveys of browsing frequency on pine is commonly conducted in Sweden (the Ä bin method; available at: http:// www.svo.se/minskog/templates/svo_se_vanlig.asp? id¼7619), and it is increasingly used also in Norway (Solbraa 2004) . For typical browsers like moose which rely on trees as their main diet, time lags are typically expected to be stronger than for herbivores relying on more short-lived and tolerant grasses. The red deer is classified as a mixed feeder, and rely much more on graze than browse (Hofmann 1989 , Gebert & Verheyden-Tixier 2001 . Particularly during snow free periods in winters (fairly common along the west coast of Norway) and in spring (when the green-up on arable land precedes the green-up on outlying fields and forested areas), red deer are more likely to feed on agricultural pastures and in other areas with grass than in forested areas. Bilberry is likely not a dominant food plant in their diet. It is therefore unclear whether red deer browsing on bilberry reflects overall condition of the vegetation community. Clearly, to quantify grazing frequency in vegetation, surveys are indeed more difficult for grazers and mixed feeders than for browsers, as bite marks are more difficult to observe and last shorter for grasses than for browse (Evju et al. 2006 ).
Habitat and spatial variation in browsing
Spatial scale may be important in browsing surveys (Edenius et al. 2002 , Ma˚nsson et al. 2007a , Ma˚nsson 2009 , and utilisation of various species may differ from region to region at coarse scales (Gebert & Verheyden-Tixier 2001) . In addition, we also found evidence of more local variation. Forest type was included in the best models describing variation in browsing frequency for bilberry and rowan. The direction of estimates was on the other hand not consistent among the species. This suggests that spatial differences in habitat characteristics may be related to forage quality, which subsequently affects the browsing frequency. Such relations may be challenging to control for if the aim is to monitor the whole vegetation community with a few indices. It is more likely that monitoring of browsing frequency at the same locations over time is a more feasible option, even though natural succession will cause a gradual change in vegetation characteristics represented at each plot in forest ecosystems. Birch was browsed more frequently than expected (Ahle´n 1965) . This was likely due to the heavy browsing on root shoots, whereas ordinary shoots were less frequently browsed. Spatial differences in the occurrence of root shoots may explain the contrasting patterns found for this species. Observations suggest that agricultural areas may be very impor-tant for red deer in winter, spring and autumn (Godvik et al. 2009 ), and may serve as attractive areas with increased browsing levels in nearby natural habitat types. However, contrary to our predictions, browsing frequency in areas near farmland was not higher. This may suggest that deer do not shelter in the closest edge vegetation (which would presumably lead to intensified browsing), but move further away from pastures in periods when they are not used.
Browsing pressure and plant community structure Selective feeding by ungulates can both increase and decrease the abundance of palatable plant species, depending on location, grazing frequency, ecological history and environmental relations (see review in Augustine & McNaughton 1998) . Highly selected species are the first to respond to effects of grazing unless they are highly tolerant (Mysterud 2006) . It remains to be determined whether the reported browsing frequency in Sogn and Fjordane, Norway, has had a measurable effect on the plant community, since little is known about the resilience of our ecosystems regarding to high browsing pressure (see Tanentzap et al. 2009 for a recent account in New Zealand). A North American review of grass dominated ecosystems concluded, that on average heavy grazing (when preferred species do not maintain themselves) was 57% utilisation of primary forage plants, moderate grazing (preferred species can maintain themselves, but do not improve production) was 43%, and light grazing was 32% utilisation (preferred species maximise their herbage producing ability; Holechek et al. 1999) . Motivated by the financial returns following favourable practices, knowledge regarding grazing tolerance and stocking rate on rangeland as well as on cultivated grazing land has been widely studied. Equivalent knowledge regarding browsing tolerance and species-specific consequences of various browsing levels has to a much lesser extent been investigated for relevant species of browse. The rowan and several less abundant species experience a heavy browsing pressure in our study areas, but there is currently no information regarding the consequences on species abundance and production. Browsing by red deer has a strong, negative influence on bilberry size, abundance and fruit set (Hegland et al. 2006) , and controlled experiments have shown that bilberry may need more than five years to totally recover from severe clipping (Tolvanen et al. 1994) . Though negative consequences related to severe browsing can be documented for specific species, our study clearly highlights the challenges related to the use of browsing-related monitoring indices in a heterogeneous landscape. Just as annual variation in snow cover will influence both the availability of food resources and the spatial distribution of animals, choice of monitoring species, and plot location may equally influence the findings.
Conclusion
With the current rapid increase in red deer numbers, better knowledge regarding deer impact on biodiversity and ecosystem function is clearly needed. Managers should look beyond 'seen deer' schemes and consider a broader ecosystem perspective when setting harvest quotas. The documented high browsing levels on several winter forage plants in our study indicates that previously reported declines in body mass is at least partly an indication of negative feedback from the resource base. We recommend therefore taking reported declines in body mass more seriously and consider reducing population density. Reducing density would involve applying a precautionary principle in management, as we have not come to the point where we can more precisely determine how much a given red deer density affects plant community changes and ecosystem function.
